We study exclusive B decays to final states containing a charmed baryon within the pole model framework. Since the strong coupling for Λ b BN is larger than that for Σ b BN , the two-body charmful decay B − → Σ 0 cp has a rate larger than B 0 → Λ + cp as the former proceeds via the Λ b pole while the latter via the Σ b pole. By the same token, the three-body decay B 0 → Σ ++ cp π − receives less baryon-pole contribution than B − → Λ + cp π − . However, because the important charmed-meson pole diagrams contribute constructively to the former and destructively to the latter, Σ ++ cp π − has a rate slightly larger than Λ + cp π − . It is found that one quarter of the B − → Λ + cp π − rate comes from the resonant contributions. We discuss the decays B 0 → Σ 0 cp π + and B − → Σ 0 cp π 0 and stress that they are not color suppressed even though they can only proceed via an internal W emission.
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I. INTRODUCTION
Previously CLEO has searched for charmful baryonic B decays in the class B → Λ c NX.
The experimental results are [1] : Recently, Belle [2] and CLEO [3] have reported the measurements of the exclusive decays of B mesons into final states of the type B cp n(π), where B c = Λ c , Λ c1 , Σ c (2455), Σ c1 [Λ c1 = Λ c (2593), Λ c (2625) and Σ c1 = Σ c (2520)] and n is the number of the pions in the final state.
Form Table I we see that the new measurements of B − → Λ + cp π − and B 0 → Λ + cp π + π − are consistent with, and much more accurate than, the previous CLEO results (1.1), however the new result for the former is somewhat low (1.5σ). cp π 0 are of the same order of magnitude. Therefore, it is concluded by CLEO that the external W decay diagram does not dominate over the internal W -emission diagram in Cabibbo-allowed baryonic B decays. This needs to be clarified by the forthcoming improved measurements.
On the theoretical side, the decays B 0 → Λ + cp and B − → Λ + cp π − have been studied by us within the framework of the pole model [4] . We have explained several reasons why the three-body decay rate of B − → Λ Since at the pole-diagram level,
. However, the latter relation is not borne out by the new measurements of both Belle and CLEO (see Table I ). Indeed, at the quark level, it appears that Σ ++ cp π − and Λ + cp π − should have similar rates as both of them receive external W -emission contributions.
It turns out that the meson-pole contribution to the three-body baryonic B decays which was originally missed in [4] 
can only proceed via an internal W emission, it is suitable to apply the pole model to study these two decays. As we shall see later, not all the internal W -emission diagrams in baryonic decays are subject to color suppression.
The layout of the present paper is organized as follows. In Sec. II we first study the twobody charmful decay
We then turn to the three-body decays
III. Discussions and conclusions are given in Sec. IV.
II. TWO-BODY CHARMFUL B DECAYS
In this section we shall study the two-body charmful decays
Since the former has been discussed in [4] , we will describe it in a somewhat cursory way.
To proceed, we first write down the Hamiltonian relevant for the present paper
where O 1 = (cb)(du) and O 2 = (cu)(db) with (q 1 q 2 ) ≡q 1 γ µ (1 − γ 5 )q 2 and the effective coefficients c eff 1 and c eff 2 are renormalization scale and scheme independent. In order to ensure that the physical amplitude is renormalization scale and γ 5 -scheme independent, we have included vertex corrections to the hadronic matrix elements. This amounts to redefining the Wilson coefficients c 1,2 (µ) into the effective ones c [5] .
The decay amplitude of B 0 → Λ + cp consists of factorizable and nonfactorizable parts:
where a 2 = c eff 2 + c eff 1 /N c . The short-distance factorizable contribution is nothing but the W -exchange diagram. This W -exchange contribution has been estimated and is found to be very small and hence can be neglected [6, 7] . However, a direct evaluation of nonfactorizable contributions is very difficult. It is customary to assume that the nonfactorizable effect is dominated by the pole diagram with low-lying baryon intermediate states; that is, nonfactorizable s-and p-wave amplitudes are dominated by − baryon resonance (see Fig. 1 ). The pole-diagram amplitude has the form
where
correspond to s-wave parity-violating (PV) and p-wave parity-conserving (PC) amplitudes, respectively, and
The main task is to evaluate the weak matrix elements and the strong coupling constants. We shall employ the MIT bag model [9] to evaluate the baryon matrix elements (see e.g. Fig. 1(a) corresponds to a nonfactorizable internal W emission, while Fig. 1(b) to a W -exchange contribution. [11, 12] for the method). Since the quark-model wave functions best resemble the hadronic states in the frame where both baryons are static, we thus adopt the static bag approximation for the calculation. Note that because the combination of the four-quark operators O 1 + O 2 is symmetric in color indices, it does not contribute to the baryon-baryon matrix element since the baryon-color wave function is totally antisymmetric. This leads to the relation Λ 
where *
are four-quark overlap bag integrals and u q (r), v q (r) are the large and small components of the quark wave functions in the ground (1S 1/2 ) state. In principle, one can also follow [11] to tackle the low-lying negative-parity Σ * b state in the bag model and evaluate the PV * For details of the MIT bag model evaluation, see [4, 10] . Note that the bag integrals X 1 and X 2 given in Eq. (B4) of [10] Λc as its calculation in the bag model is much involved and is far more uncertain than the PC one [11] .
Using the bag wave functions given in the Appendix of [4] , we find numerically
The decay rate of B → B 1 B 2 is given by 10) where p c is the c.m. momentum, E i and m i are the energy and mass of the baryon B i , respectively. Putting everything together we obtain
The PV contribution is expected to be smaller. For example, it is found to be Γ PV /Γ PC = 0.59 in [8] . Therefore, we conclude that
The strong coupling g Σ
has been estimated in [8] by CLEO [3] . Note that all earlier predictions based on the QCD sum rule [13] or the pole model [8] or the diquark model [14] are too large compared to experiment (see e.g. Table I of [4] ). In the pole-model calculation in [8] , the weak matrix element is largely over-estimated. as depicted in Fig. 2 . Proceeding as before, the parity-conserving amplitudes read † † It is found in [8] that the parity-violating contribution to B − → Σ 0 cp is largely suppressed relative to the parity-conserving one. 
There are two models which can be used to estimate the strong couplings: the 3 P 0 quarkpair-creation model in which thepair is created from the vacuum with vacuum quantum numbers 3 P 0 , and the 3 S 1 model in which the quark pair is created perturbatively via one gluon exchange with one-gluon quantum numbers 3 S 1 . Presumably, the 3 P 0 model works in the nonperturbative low energy regime. In contrast, in the perturbative high energy region where perturbative QCD is applicable, it is expected the 3 S 1 model may be more relevant as the light baryons produced in two-body charmless baryonic B decays are very energetic. However, in practice it is much simpler to estimate the relative strong coupling strength in the 3 P 0 model [8, 15] rather than in the 3 S 1 model where hard gluons arise from four different quark legs and generally involve infrared problems.
In the 3 P 0 model we have the relations (see Eq. (3.23) of [10] )
This leads to
However, the predicted branching ratio Table I ), we find
The isospin relation leads to
Since
is thus far the only two-body baryonic B decay that its evidence has been observed by Belle with a significance of 3σ [2] . In contrast, the decay rate of Σ 0 cn is quite suppressed,
It has something to do with the smallness of the weak transition for
, there is a large cancellation occurred in the PC amplitude, see
Eq. (2.13). Note that the ratio
) is predicted to be 1/2 in the 3 P 0 model [8] , whereas it is only of order 10 −2 in our case. Therefore, a measurement of the ratio R can be used to discriminate between different quark-pair-creation models.
It should be stressed again that the strong couplings are in principle q 2 dependent. Therefore, the values of strong couplings quoted above should be considered as an average over the allowed q 2 region.
The relevant pole diagram for the decay B − → Λ . Since the parity-violating amplitude vanishes in the 3 P 0 quark-pair-creation model [6, 8] , we thus have 19) corresponding to the parity-violating p-wave and parity-conserving d-wave amplitudes, respectively, for the decay B → B 1 (
− ) with a spin- 3 2 baryon in the final state, 20) where v µ is the Rarita-Schwinger vector spinor for a spin- 3 2 antiparticle and q = p 1 − p 2 . The decay rate is
In the 3 P 0 model one has the relation (see e.g. Eq. (3.32) of [10] )
As before, this 3 P 0 model relation is also expected to be badly broken. Indeed, it has been pointed out in [10] that using the strong coupling g Σ
. Because of the strong decay∆ −− →pπ − , the resonant contribution from∆ −− to the branching ratio of B − → ppπ − would be 6 × 10 −6 . This already exceeds the recent Belle measurement B(B − → ppπ − ) = (1.9
or the upper limit of 3.7 × 10 −6 [16] . Therefore, the coupling of the ∆ to the B meson and the octet baryon is smaller than what is expected from Eq. (2.22). By applying the same scaling from Eq. (2.15) to Eq. (2.16), it is natural to have
, which is close to the value of 12 employed in [10] . Numerically, we obtain 24) where use of Eq. (2.7) has been made.
III. THREE-BODY CHARMFUL BARYONIC DECAYS
In this section we shall study the three-body charmful baryonic B decays:
This decay mode has been studied in [4] by us. However, we have missed an important meson-pole contribution arising from the external W -emission diagram. As we shall see later, this meson-pole effect dominates the decay
− receives resonant and nonresonant contributions:
As the resonant contributions B − → Σ 0 cp and B − → Λ + c∆ −− are discussed in the last section, here we will focus on the nonresonant contribution.
The quark diagrams and the corresponding pole diagrams for B − → Λ cp π − are shown in Fig. 3 . There exist two distinct internal W emissions and only one of them is factorizable, namely, Fig. 3(b) . The external W -emission diagram Fig. 3(a) is of course factorizable. The factorizable amplitude reads
Let us first consider the factorizable amplitude A 2 , as shown in Fig. 3(b) , which has the expression
2 , and we have employed the baryonic form factors defined by 5) and the mesonic form factors given by [17] As for the factorizable amplitude A 1 , since in practice we do not know how to evaluate the 3-body hadronic matrix element Λ + cp |(cb)|B − at the quark level, we will instead evaluate the corresponding two low-lying pole diagrams for the external W -emission as depicted in Fig. 3 
where we have applied factorization to the weak decay Λ Fig. 3(a) is color allowed, namely, its amplitude is proportional to a 1 , while the same process in Fig. 3(b) , being proportional to a 2 , is color suppressed. The charmed-meson pole amplitude has the form
where q = p B − p π = p Λc + pp, and g, g 1 , g 2 , h 1 , h 2 are the unknown strong couplings. After some manipulation we obtain
where we have employed the form factors defined by ‡
with
and ‡ Our definition for B → D * form factors is the same as [17] except for a sign difference for the matrix elements of the axial-vector current. This sign change is required in order to ensure positive form factors as one can check via heavy quark symmetry or the QCD sum rule analysis.
with (0). The above amplitude can be further simplified by applying the Gordon decomposition as
In order to compute the nonresonant decay rate for B − → Λ + cp π − we need to know the strong couplings g, g 1 , g 2 , h 1 , h 2 and their q 2 dependence. Fortunately, this can be achieved by considering the meson-pole contributions to the factorizable internal W -emission as depicted in Fig. 3(b) . In the pole model description, the relevant intermediate states are 
where the decay constants are defined by
Comparing this with Eq. (3.5) we see that the D * meson is responsible for the strong couplings g 1 and g 2 , D 1 (2400) for h 1 and h 2 , and D for the coupling g. More precisely, 17) where the D 1 pole contribution to g Λcp 3 can be neglected at the q 2 range of interest. The form factors f i and g i for the heavy-to-heavy and heavy-to-light baryonic transitions at zero recoil have been computed using the non-relativistic quark model [18] . In principle, HQET puts some constraints on these form factors. However, it is clear that HQET is not adequate for our purposes: the predictive power of HQET for the baryon form factors at order 1/m Q is limited only to the antitriplet-to-antitriplet heavy baryonic transition. Hence, we will follow [18] to apply the nonrelativistic quark model to evaluate the weak currentinduced baryon form factors at zero recoil in the rest frame of the heavy parent baryon, where the quark model is most trustworthy. This quark model approach has the merit that it is applicable to heavy-to-heavy and heavy-to-light baryonic transitions at maximum q 2 . It has been shown in [18] that the quark model predictions agree with HQET for the antitripletto-antitriplet (e.g. Λ b → Λ c , Ξ b → Ξ c ) form factors to order 1/m Q . For sextet Σ b → Σ c and Ω b → Ω c transitions, the quark-model results are also in accord with the HQET predictions (for details see [19] ). Numerically we have [19] for the Λ c → p transition at q
Since the calculation for the q 2 dependence of form factors is beyond the scope of the nonrelativistic quark model, we will follow the conventional practice to assume a pole dominance for the form-factor q 2 behavior: For the form factors F Bπ 0,1 (q 2 ) we consider the Melikhov-Stech (MS) model based on the constituent quark picture [20] . Although the form factor q 2 dependence is in general model dependent, it should be stressed that F Bπ 1 (q 2 ) increases with q 2 more rapidly than F Bπ 0 (q 2 ) as required by heavy quark symmetry.
The total decay rate for the process
where m 2 ij = (p i + p j ) 2 with p 3 = p π . Under naive factorization, the parameter a 2 appearing in Eq. (3.2) is numerically equal to 0.024, which is very small compared to the value of a 2 = 0.40 − 0.55 extracted from B 0 → D 0( * ) π 0 decays [21] and |a 2 | = 0.26 ± 0.02 from the B → J/ψK decay [22] . Since a 2 may receive sizable contributions from the pole diagram Fig. 3(c) , we will thus treat a 2 as a free parameter and take a 2 = 0.30 as an illustration.
Collecting everything together we obtain numerically * *
for n = 1, 2.6 × 10
where we have used 
Note that the resonant contributions account for about one quarter of the total decay rate.
In [4] we obtained a branching ratio of order (4.9 ∼ 9.2) × 10 (ii) The color-allowed charmed-meson pole contribution to the branching ratio is 3.6 × 10 −4 for n = 1 and 0.5 × 10 −4 for n = 2. It has a destructive (constructive) interference with baryon pole contributions for n = 1 (n = 2).
The three-body mode B 0 → Λ ++ cp π − does receive factorizable internal W -emission and W -exchange contributions:
As before, we do not know how to evaluate the 3-body hadronic matrix element Σ Fig. 4(a) ]. We consider the baryon pole contribution first. Its amplitude is given by
where we have applied factorization to the weak decay Σ
The heavy-to-heavy transition Σ b → Σ c at zero recoil is predicted by HQET to be (see e.g. [23] ) 
Numerically we find a small branching ratio
arising from the baryon poles. Comparing to the experimental value (see Table I ), it is obvious that the baryon pole contribution alone is not adequate to account for the data and it is necessary to take into account the meson pole contribution. The meson pole contribution from Fig. 4(a) is
(3.29)
After some manipulation we obtain which are q 2 dependent. To determine these couplings we apply the 3 P 0 quark-pair-creation model to obtain
As noted in passing, the 3 P 0 model is perhaps reliable only in the low energy regime. Nevertheless, we will use Eq. from the b quark decay. In the effective Hamiltonian approach, the factorizable amplitude is proportional to
, where the coefficient a 2 is equivalent to 1/3 in the absence of strong interactions. On the contrary, the other internal W -emission diagram Fig. 3(c) is not color suppressed because the color wave function of the baryon is totally antisymmetric and hence the color of the c quark must be different from that of the d quark created from the b quark decay. Likewise, Figs. 5 and 6 are not color suppressed. Indeed, as shown in Sec. II, the weak baryon-baryon transition is found to be proportional to c 1 − c 2 rather than to c 2 + c 1 /N c .
Theoretically, it is not easy to estimate the pole contributions as the weak decay processes, for example B 0 → Σ 0 cn and Σ Fig. 5 , are not factorizable. This renders the calculation difficult. Among the pole diagrams, only the intermediaten state in Fig. 5(a) and thep state in Fig. 6 can be reliably estimated since the involved weak transitions are already discussed in Sec. II and moreover the strong πNN coupling can be related to the nucleon-nucleon form factor g np 3 (q 2 ) and hence its q 2 dependence can be determined [24] . Consider the decay B 0 → Σ 0 cp π + first. The decay amplitude of then pole diagram reads 33) where B is the parity-conserving amplitude given in Eq. (2.13) and q 2 = (pp + p π ) 2 . In [24] we have shown that extracted from the neutron data [26] . For the axial form factor g np 1 (t), we shall follow [27] to assume that it has a similar expression as Collecting all the inputs, we finally obtain
It is interesting to note that this pole contribution alone is consistent with both Belle and CLEO. The remaining pole diagrams in Fig. 5 are more difficult to get a reliable estimate as the strength and momentum dependence of the strong couplings is unknown. Therefore, whether or not Σ 0 cp π + is substantially suppressed relative to Σ ++ cp π − is unknown. Nevertheless, as noted in passing, even if the former is suppressed relative to the latter, it has nothing to do with color suppression.
Likewise, we find thep pole diagram in Fig. 6 gives
This enormously large branching ratio comes from the fact that Σ 0 cp ≫ Σ 0 cn as discussed in Sec. IIB. At first sight, it appears that this prediction is ruled out as it already exceeds the measurement by CLEO (see Table I ). However, the decay amplitude of Fig. 6(b) has a sign opposite to that of Fig. 6(a) owing to the π 0 wave function π 0 = (ūu −dd)/ √ 2. Hence, there exists a destructive interference between Fig. 6(a) and Fig. 6(b) . Unfortunately, as we do not have a reliable estimate of other pole diagrams in Fig. 6 , we cannot make a reliable prediction of the branching ratio for B − → Σ 
IV. CONCLUSIONS
We have studied exclusive B decays to final states containing a charmed baryon within the framework of the pole model. We first draw some conclusions and then proceed to discuss some sources of theoretical uncertainties. − , it has nothing to do with color suppression and must arise from some other dynamic consideration.
The calculation of baryonic B decays is rather complicated and very much involved and hence it suffers from many possible theoretical uncertainties. Many of them have been discussed in detail in [10] . For the present work, we would like to mention three uncertainties. 
